Studies have shown that the current human reference genome (GRCh38) might miss information for some populations, but "exactly what we miss" is still elusive due to the lower contiguity of nonreference genomes. We juxtaposed the GRCh38 with high contiguity genome assemblies, AK1, to show that ~1.8% (~53.4 Mbp) of AK1 sequences missed in GRCh38 with ~0.76% (~22.2 Mbp) of ectopic chromosomes. The unique AK1 sequences harbored ~1,390 putative coding elements. We found that ~5.3Mb (~0.2%) of the AK1 sequences aligned and recovered the "unmapped" reads of fourteen individuals (5 East-Asians, 4 Europeans, and 5 Africans) as a reference. The regions that "unmapped" reads aligned included 110 common (shared between ≥ 2 individuals) and 38 globally (≥7 individuals) missing regions with 25 candidate coding elements. We verified that many of the common missing regions exist in multiple populations and chimpanzee's DNA. Our study illuminates not only the discovery of missing information but the use of highly precise ethnic genomes in understanding human genetics. 5 for PCR amplification of each locus were designed by using the software Primer3 (Untergasser et al. 2012).
INTRODUCTION
DNA Sequencing of the human genome is the pivot of precision medicine. For the sake of economy, an overwhelming majority of sequencing platforms adopt re-sequencing methods, using the GRCh37/38 (a.k.a., hg19/38) human genome assembly as the reference. The GRCh38 is the heir of the Human Genome Project and has been further enriched (~30%) by the addition of >50 individuals' genome, including African Ancestry (Schneider et al. 2017) . It has been generally believed that a single global reference genome would suffice because the re-sequencing requires a reference to determine individuals' genetic variants rather than a database encompassing a list of variants. However, recent findings that ethnic diversities in the structural variations are substantial (Genomes Project et al. 2015; Sudmant et al. 2015) , and that the human migration has complex detour and local admixture (Mondal et al. 2016 ) ensued questions whether some part of DNA sequences are missing by current re-sequencing practice (Maretty et al. 2017) .
The "unmapped" are sequence reads that failed to align the reference. Previous studies examined the unmapped reads to identify regions with suggestive evidence of protein-coding (Sherman et al. 2018) or diseases association (Kehr et al. 2017; Maretty et al. 2017) . Studies used fragmented raw genome data, and performed de novo assembly of different individuals' sequences in order to compare with the reference (Maretty et al. 2017; Sherman et al. 2018; Duan et al. 2019 ). This approach, however, lacks chromosomal landscape and proportionality, and admixes "missing" regions with "unmappable" sequences primarily due to low contiguity of ethnic genome data. For example, the approximated missing genome of ~300Mb for Africans through a de novo assembly of the unmapped reads (Sherman et al. 2018) might have been over-estimated by the chimeric regions. In this study, we performed an exact comparison of the two most contiguous human genome assemblies, the GRCh38 and AK1 (Seo et al. 2016) . Additionally, we found the existence and putative function of commonly missing parts and verified the presence of missing regions with high contiguity ethnic genome.
RESULTS

Systematic comparison between GRCh38p12 and AK1
We first compared the whole AK1 sequences on the GRCh38 ("liftover") and its alternative sequences, to search for synteny. By generating bi-directional "chain files" indicating both homology and gaps of basepair resolution, we categorized a total of 2,832 scaffolds (~2.90 Gbp) of AK1 into three by the alignment patterns: the first scaffolds group (n=945, sum of ~2.70Gbp) consists ≥ 99% of chromosomes of the GRCh38; the third scaffold group (n=1,420 ~41Mbp) lacked synteny with the GRCh38; the second group (n=467, ~165Mbp) had partial (<99%) matches. A total of 53.4 Mbp (~1.8%) of the AK1 genome lacked homology with GRCh38. A total of 899 AK1 scaffolds were hybrids (Group 1 and 2) of multiple chromosomes of the GRCh, in which compound, ectopic chromosomes' contribution amounted to ~22.2 Mbp (~0.76 %) ( Fig. 1) .
For finding the genome sequences unique to AK1, we selected 3,333 regions larger than 200bp and searched for protein-coding function through a translated BLAST(Camacho et al. 2009) Table S1 ). The group 3 scaffolds, which are unique to AK1, 4 had different components of genome sequences and repeats when we analyzed using the RepeatMasker(Smit 2015). Satellite repeat sequences preponderated (> 87%) with a higher proportion of simple repeats ( Supplemental Table S2 Table S3 ). "Unpaired reads" explained the most substantial part of the unmapped (~59%) (Supplemental Fig. S1 ), due to the differences in sequencing quality between read1 and read2 (both ends of complimentary sequences).
Besides the generally lower sequencing quality, the proportion of repetitive sequences among unmapped reads was about ten times more low-complexity and >2 times more simple repeats and satellites, whereas they had much lower proportion of SINE, LINE, and LTR compared with reference genome (Supplemental Table S4 ). The use of massive fragmented reads will inevitably generate equivocal data for alignment, particularly on satellite or low complexity regions. Given the quality and components, technical characteristics intrinsic to the analytic platform rather than the incompleteness of the reference genome, is likely to spawn the majority of the unmapped reads.
Recovered genomic regions by the "Re-alignnent" to AK1.
In average, 72K out of ~2.6 M reads per individual (mapping quality >10) were newly mapped on AK1, with a tiny proportion of microbial origins (~0.01%) (Table1). The recovery rates by the re-alignment to AK1 were relatively low (overall 0.92% or 0.49% for high fidelity mapping quality) and did not show substantial differences between populations ( Table 1 ). The recovered region amounted to ~0.2% (5.3Mb) of AK1 sequences (Fig 2b) . We drilled down the recovered sequences into three groups of the Fig1 (Fig. 2b ).
Group1 scaffolds harbored the largest number (n=58,340) of the re-aligned reads, but proportion-wise, Group3 scaffolds populated unmapped reads more widely. For the regions on Group1 (≥ 99% homology with GRCh38), most of the alignment arose on the putative insertions, absent in GRCh38 sequences ( Fig.   2c ). Regions in homology with chromosome 19 and 21 were most densely mapped (Supplemental Fig.S2 and Supplemental Table S5 ). Our findings suggest that the addition of ethnic reference do salvage missing genome regions, although a small part of the "unmapped reads" gave the results. 
Characterization of common missing parts
We scrutinized the recovered sequences searching for common missing. We identified 110 regions which were shared by ≥ 2 individuals with depth >10X for each (Supplemental Table S6 Table S8 . We identified that 38 regions were shared globally (≥7 individuals, with depth >10X for each). One of 38 regions was both global missing and suggestive functional, highly homologous with the zinc finger protein 454 isoform 2 (Supplemental Table S9 ).
The Group 1 scaffolds of Figure 1 harbored 31 out of 38 globally missing regions; with flanking sequences annotated, the 31 regions were visualized against GRCh38. Typically, those regions were flanked by several repeats elements such as Alu or LINEs (Supplemental Fig. S3 ). Further examination of the breakpoints using BioEdit(TA 1999), suggested that non-homologous end-joining with micro-homology (n=26, ~90%) were the dominant mechanism followed by non-allelic homologous recombination (n=3)( Supplemental Table S10 ). Interestingly, 26 of the 31 putative insertions had exact matches for chimpanzee, with similar findings for gorilla reference genome ( Supplemental Table S10 ).
We verified the presence of above-mentioned 31 regions which are located within known locations of the reference genome (Group1 of Fig. 1 ), We conducted PCR amplification using the DNA of AK1, four Europeans and chimpanzee. For AK1, 20 out of 31 putative insertions were verified and 9 regions were also verified for the chimpanzee. For some regions Europeans were either of homozygous or heterozygous for insertion/deletion (Fig. 3 ).
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DISCUSSION
By comparison between reference genome and precise ethnic genome, our study suggests that genomic differences between individuals exceed the previous consensus of "99.9% sharing", which was primarily derived from human genome variation projects; and much less than the 10% of difference derived from the assembly of unmapped reads for African ancestry (Sherman et al. 2018) . The magnitude of difference of ~1.8% might have been either conservative or inflated; it is conservative considering that
GRCh38 is a composite genome from the contribution of >50 individuals, and that structural variation was not considered; it might be overestimated in that some of the satellite sequences might not fully identified in both assemblies and those sequences bear unknown functional significances. It is not likely, that both possibilities have substantially affected the estimation of 1.8% difference, considering the level of the accuracy of two genome assemblies. Our findings that ~0.76% of chromosome is located and arranged differently has less uncertainty, and has significant implications in a range of genome research. In contrast to the estimated difference, only a part of "missing information" was recovered from the unmapped reads (<0.2% of AK1 sequences). It is likely that the differences are attributable to the high proportion of repetitive sequences in unique AK1 regions and to the intrinsic limitations of the analytic platform, e.g., massive short reads of low complexity characterized by the unmapped reads. Our study also discovered that some part of the missing regions are globally common and might harbor functional significances. According to our research about the characterization of common missing parts, the majority of the "globally common missing" regions found from unmapped reads of various populations might be recent deletions in the reference, rather than insertions in other populations. The functional search on globally missing regions of this study was preliminary but limited to coding sequences, so that suggestive functional candidates require further validation.
In conclusion, our study corroborates the usefulness of ethnic genome in acquiring missing genomic information. Highly contiguous ethnic genomes, in particular, will become more attainable, and bear greater importance in understanding complete genome function, as well as more precise human evolutionary history. The precise ethnic genome will also play an important role to redress the large research gap between populations.
1 3
METHODS
Comparison between the reference genome (GRCh38) and the AK1
We used LASTZ program (Harris 2007) Supplemental Table S3 .
Investigating features of mapped/unmapped reads from bam files, and re-aligning the extracted "unmapped reads" to the AK1
For qulity check and repetitive annotation of mapped/unmapped reads, we used FastQC (Andrews 2010) and RepeatMasker(Smit 2015). After we extracted unmapped reads from the downloaded bam files of 14 multi-ethnic samples, we realigned unmapped reads to Ak1 genome with using BWA-MEM (Figure 2a ).
After realigning, the procedures of sorting and removing duplicates were performed by Samtools (version1.3) and Picard-tools(version 2.0.1). We excluded regions with low depth(<3X) for each individual.
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We handled data and calculated the depth/breadth of re-alignments(Sims et al. 2014) using Bedtools(version 2.25.0)(Quinlan and Hall 2010), Samtools (version1.3) and R(version 3.4.3). We also used GATK-pathSeq (Walker et al. 2018) to identify those reads with the putative microbial sequence.
Functional search for unique regions of AK1 and the common/globally missing regions
For the sequences (>200bp) unique to the AK1 when we compared between GRCh38 and AK1, we 
Verifying the missing regions by PCR
